Although the genetic contribution is under debate, biological studies in multiple mouse models have suggested that the Disrupted-in-Schizophrenia-1 (DISC1) protein may contribute to susceptibility to psychiatric disorders. In the present study, we took the advantages of the Drosophila model to dissect the molecular pathways that can be affected by DISC1 in the context of pathology-related phenotypes. We found that three pathways that include the homologs of Drosophila Dys, Trio, and Shot were downregulated by introducing a C-terminal truncated mutant DISC1. Consistently, these three molecules were downregulated in the induced pluripotent stem cell-derived forebrain neurons from the subjects carrying a frameshift deletion in DISC1 C-terminus. Importantly, the three pathways were underscored in the pathophysiology of psychiatric disorders in bioinformatics analysis. Taken together, our findings are in line with the polygenic theory of psychiatric disorders.
Introduction
Psychiatric disorders, such as schizophrenia and bipolar disorder, are heritable (1, 2) . Indeed, plenty of genomic loci are reported to confer risk for these disorders (3, 4) . Yet the functional significance of most genetic risk variants has been difficult to investigate, due to that a single risk variant may only contribute to a small fraction of the disorder (5-7).
Disrupted-in-schizophrenic-1 (DISC1) was initially discovered at the breakpoint of a balanced chromosome translocation that co-segregated with a wide range of major mental illnesses, including bipolar disorder, major depression and schizophrenia, within a large Scottish family with high statistical significance (8) . Later, another rare mutation of a 4 base-pair frameshift deletion at the DISC1 carboxyl-terminus was identified in a smaller American family with a history of mental illnesses (9) .
Many efforts in human genetics have been made to test the general validity of the role of DISC1 in psychiatric disorders (10) . Nonetheless, the genetic/genomic role for DISC1 is still under debate (11, 12) . In contrast, animal studies from multiple groups demonstrated that DISC1 is involved in neuronal development and synaptic functions (13) (14) (15) . Furthermore, perturbation of DISC1 in rodent models leads to alteration in multiple behavioral dimensions relevant to major mental illnesses (16) (17) (18) (19) . Taken together, these data suggest the potential contribution of the DISC1 protein to the etiopathology of psychiatric disorders (10) .
Given that major mental illnesses are multi-factorial, it is important to pay attention to the biological pathways that involve in the functional orchestration of multiple molecules. To dissect such pathways, Drosophila is advantageous for the manipulation of multiple genes, and for the maneuverability of neuronal endophenotypes (20) . Although Drosophila lacks homologs of DISC1, the majority of the proteins that have interaction with DISC1 are conserved in fruit fly (21) , suggesting that fruit fly could provide a reliable platform for dissecting the molecular framework of DISC1 functions. Additionally, devoid of interference of the endogenous protein could be advantageous in this study to differentiate the effects of different DISC1 forms. In fact, our understanding of the mechanisms of neurodegenerative diseases, including Alzheimer's disease and Parkinson's disease, has been advanced by ectopically expressing human disease related molecules, such as Aß42 and a-synuclein, in Drosophila system (22) .
To address pathways involving DISC1 in the context of mental conditions, we aimed to overexpress the DISC1 full-length (DISC1-FL) and a DISC1 mutant (C-terminal truncated DISC1 1-597: DISC1-TR) that could elicit neurobiological and behavioral changes in previous studies (23, 24) , and to examine molecular and phenotypic changes in Drosophila. Moreover, to validate our findings in Drosophila research, we also aimed to analyze forebrain neurons derived from induced pluripotent stem cells (iPSCs) of patients carrying a 4 base-pair frameshift deletion in DISC1 that is known for transcriptional dysregulation of a large array of genes and for alteration of synaptic functions (25) .
In the present study, we expressed DISC1-TR and DISC1-FL in Drosophila melanogaster. Intriguingly, we found that DISC1-TR exerts specific effects on neurodevelopment, neurophysiology, and cognitive functions in a gain-of-function manner. We further identified downstream molecules that are underscored in the context of mental disorders, synergistically contributing to the neural effects of DISC1-TR. Importantly, we confirmed the regulation of these molecules by DISC1-TR in a human glioblastoma cell line as well as in the iPSC-derived forebrain neurons carrying a DISC1 frameshift mutation. At last, these molecules were ranked as the top disease risk factors in bio-informatics analysis of candidate genes among general human population (26) . The above findings consistently support our hypothesis that DISC1 together with other interacting risk molecules function synergistically and contribute to the pathology of major mental illnesses.
Results

Expression of DISC1-TR but not DISC1-FL results in cognitive and synaptic phenotypes in flies
To differentiate functional effects of different forms of DISC1, we expressed transgenes of DISC1-FL and DISC1-TR respectively in a pan-neuronal pattern driven by elav-Gal4. Firstly, we assay these transgenetic flies with aversive associative olfactory learning and 3-h memory. In this task, flies were trained to associate an odor with the electric shock and would avoid the odor in the subsequent test (upper panel, Fig. 1A ) (27) . All genotypes concerned showed normal performance in these assays (Fig. 1B) . Then cognitive flexibility was measured with the reversal-learning paradigm, in which the odor-electric shock contingency was reversed in two successive training sessions (lower panel, Fig. 1A ). Reversal-learning disturbance is a reliable manifestation in many human cognitive disorders including psychiatric disorders, and thus is a useful readout for cognitive or behavior inflexibility in animal models. Pan-neuronal expression of DISC1-TR (elav/þ; DISC1-TR/þ), but not DISC1-FL (elav/þ; DISC1-FL/þ) resulted in a significant reversal learning deficit (Fig. 1C) .
To identify the neuronal populations that mediate the observed behavioral phenotype, transgene expression was directed with Gal4 drivers labeling mushroom bodies (DISC1-TR/þ; OK107-Gal4/þ), dopaminergic neurons (DISC1-TR/þ; TH-Gal4/þ), GABAergic neurons (Gad1-Gal4/þ; DISC1-TR/þ), glutamatergic neurons (VgluT-Gal4/þ; DISC1-TR/þ), and rutabaga-adenylyl cyclase (rut-AC) expressing neurons (rut 1047 -Gal4/þ; DISC1-TR/þ), respectively. Only the expression of DISC1-TR in glutamatergic neurons and rut-AC expressing neurons duplicated the reversal-learning deficiency exhibited in the pan-neuronal expression (Supplementary Material, Fig. S1 ), suggesting possible roles for altered glutamatergic synaptic function and cAMP pathway in DISC1-TR induced behavioral inflexibility.
The larval neuromuscular junction (NMJ) is an ideal preparation for quantitative analysis of synaptic transmission and synapse morphology at identifiable glutamatergic synapses in Drosophila (28) . Extensive studies indicate that synaptic transmission and structure of this preparation are sensitive to mutations that impair learning and memory (29) and associate with neurological or psychiatric disorders (30) . Consistent with the behavioral data, both synaptic transmission and nerve terminal organization in transgenic larval NMJs were perturbed only by the expression of DISC1-TR, but not by the expression of DISC1-FL (Fig. 2) .
Synaptic transmission was determined with the twoelectrode voltage-clamp method. The amplitude of evoked excitatory junctional currents (EJCs) was significantly increased only in DISC1-TR transgenic larvae but not in the DISC1-FL larvae (left panel, Fig. 2A ) at various extracellular calcium concentrations (Fig. 2B) , while ion channel properties remained the same as control flies when different forms of DISC1 were expressed (Supplementary Material, Fig. S2 ). In addition, shortterm synaptic plasticity assayed via the paired-pulse facilitation (PPF) paradigm was attenuated in DISC1-TR expressing larvae (right panel, Fig. 2A ). To determine whether defective PPF resulted from an increased basal level of EJCs, we also compared PPF of the control (elav/þ at 0.4mM Ca 2þ ) with the DISC1-TR group (elav/þ; DISC1-TR/þ at 0.3mM) at comparable EJC amplitudes. The PPF was still significantly decreased (Supplementary Material, Fig. S3 ).
Next, nerve terminal morphology was visualized by immunohistochemical staining of Horseradish Peroxidase (HRP) and Discs large (DLG, homologous to vertebrate postsynaptic density). Only synaptic arborizations on muscle 4 at segments 3 and 4 were observed to minimize intrinsic variation. There are two subtypes of type I boutons in larval NMJ, i.e. type I small (Is, yellow arrow) and type I big (Ib, blue arrow, Fig. 2C ). Ib boutons are distinguishable from Is by their visibly stronger staining of DLG. From the distribution of the bouton size, we found that the expression of DISC1-TR diminished the number of the boutons with smaller size (Fig. 2D) . Indeed, the number of Is boutons innervating individual muscle fibers was significantly decreased (Fig. 2E ). In fact, there was a much larger fraction of the nerve terminals on muscle 4 showing no observable Is boutons in DISC1-TR larvae than that in the control (see accumulated '0' data points in the histogram of Fig. 2E ). Despite the decrease of Is bouton number, the average number of Ib boutons remained unchanged in the DISC1-TR larvae (Fig. 2F) . Interestingly, we found that the number of satellite boutons (arrowhead, Fig. 2C right panel, and 2G), which are tiny boutons budding off from the central Ib boutons, was greatly increased in the DISC1-TR larvae (Fig. 2G ). Both Is number and satellite boutons remained unaffected in DISC1-FL expressing larvae (Supplementary Material, Fig. S4 ).
Data presented above show that the expression of DISC1-TR, but not DISC1-FL, leads to alterations in reversal learning, glutamatergic transmission, short-term synaptic plasticity, and nerve terminal organization. Although previously studies showed that the expression of DISC1-TR led to abnormal neuronal functions in mice models (17, 31, 32) , due to the presence of the endogenous DISC1, it is largely unknown whether these abnormalities were led by the DISC1-TR independent of DISC1-FL. With the advantage of the absence of the endogenous homolog of DISC1 in Drosophila, our study demonstrated that DISC1-TR has specific gain-of-function neural effects independent of DISC1-FL in the five neuronal functional parameters, including EJC amplitude, PPF, Is number, satellite bouton, and reversal learning (see Fig. 7A for summary of the phenotypes induced by DISC1-TR).
Screen for DISC1-TR regulated effectors
These findings prompted us to search for mechanisms underlying the gain-of-function of DISC1-TR. A possible mechanism is that the observed effects may be led by altered expression of multiple genes caused by the expression of DISC1-TR. To investigate this possibility, we set out to identify genes whose expression is altered by the expression of DISC1-TR.
Three categories of candidate genes were chosen for a primary screening. DISC1 is a scaffold protein with its C-terminal domains mediating protein-protein interaction. In vitro biochemical and bioinformatics research showed that after losing two coiled-coil domains in the C-terminus, DISC1-TR acquires new binding partners without intersection with the full-length form (Supplementary Material, Fig. S5 ) (21) . Therefore, the first group of genes for screening is DISC1-TR binding proteins (Fig. 3A, orange) , including Dys, Trio, SMC2, PpD3, 14-3-3b, stx18, c140rf166, Glued (for the description of the genes concerned, see Supplementary Material, Table S1 ). In addition, it is reported that susceptibility genes associated with psychiatric disorders tend to converge on common biological pathways by sharing interconnected protein-protein interaction networks (33) . Dysbindin, a susceptibility molecule for mental disorders, has been shown to have physical interaction with DISC1 (30, 34, 35) . They were shown to interact epistatically and may share the interacting network associated with the altered neuronal functions (36, 37) . Moreover, our previous study showed the involvement of dysbindin in synaptic transmission and cognitive function in Drosophila (30) . Thus, the second group includes genes that fall into the DISC1-Dysbindin interacting network (Fig. 3A, green) (21) , including Shot, sec3, sec8, CDC5L and msn (Supplementary Material, Table S1 ). To exclude non-specific effects of DISC1-TR, an array of genes encoding synaptic proteins was also profiled as internal controls (Fig. 3A , purple and blue), including snapin-I, snapin-II, syx1A, synapsin, snap, PDE4, b-spec, Blos2, Kra, and Actin (Supplementary Material, Table S1 ).
In the primary screen, we measured transcriptional levels of all candidate genes in fly larvae with semi-quantitative reversetranscript PCR (RT-PCR) and found that mRNA levels of Dys, Trio, and Shot were essentially reduced in larvae expressing DISC1-TR (Fig. 3A) . We next measured the transcriptional level of the three hits from the primary screen in both DISC1-TR and DISC1-FL larvae with the quantitative real-time PCR (q-PCR), and confirmed the results from the primary screen. The mRNA level of Dys, Trio, and Shot was significantly decreased in DISC1-TR larvae but not affected in the larvae expressing DISC1-FL (Fig. 3B) . Dys is the Drosophila homolog of vertebrate utrophin (UTRN) and dystrophin (DMD); Trio, a RhoGEF, is the homolog of vertebrate kalirin (KALRN) and TRIO; Shot is the homolog of dystonin (DST), and a potential functional homolog of Microtubule Actin Crosslinking Factor1 (MACF1) (38) (Supplementary Material, Table S1 ). Notably, although some of the vertebrate homologs of the identified proteins are thought capable of binding with both DISC1-TR and DISC1-FL, the expression was only altered in larvae expressing DISC1-TR.
Mutants of DISC1-TR regulated genes phenocopy its effects
All three identified DISC1-TR regulated genes are reported to affect some aspects of neuronal functions in Drosophila, with Dys in NMJ neurotransmission (39) , Trio in dendritic morphogenesis (40) and axon growth (41) , and Shot in sensory and motor axon Representative EJC traces and group data showed that pan-neuronal expression of DISC1-TR (elav-Gal4/þ; DISC1-TR/þ) but not DISC1-FL guidance (42) . Therefore, we tested the DISC1-TR-related parameters in mutants of the three genes to inspect whether they contribute to the phenotypes of DISC1-TR. The EJC amplitude was increased ( Fig. 4A ) and PPF ratio was decreased (Fig. 4B ) in the null mutant, Dys
Dp186
, showing a trend similar to DISC1-TR effects. For the heterozygous mutant of Trio, Trio 8595 /þ, PPF was also reduced while EJC amplitude was not affected significantly ( Fig. 4A and B) . In the hypomorphic mutant Shot 15072 , the trend was different from the effects of DISC1-TR, with a reduced EJC amplitude and normal PPF ( Fig. 4A and B).
In larval NMJ morphology, satellite boutons were increased in all three mutants (white arrowhead, Fig. 4C and E), resembling the DISC1-TR transgenic larvae. However, the number of Is boutons, if not augmented, remained the same in all three mutants (Fig. 4D) . Notably, the number of satellite boutons might be an essential parameter of the NMJ structure influenced by the function of DISC1, because DISC1-TR and all the mutants of the DISC1-TR effectors showed increments in satellite bouton number ( Fig. 2G and 4E ).
As to cognitive function, the behavioral phenotype in the Trio 8595 /þ mutant completely replicated the phenotype of DISC1-TR expression flies, with normal learning but impaired reversal learning (Fig. 4F) . However, the Dys Dp186 and Shot 15072 mutants exhibited decrease in both learning and reversal learning performances (Fig. 4F) , which is consistent with the cognitive disruption in the DMD-related Duchenne muscular dystrophy and the DST-related sensory aberration in dystonia musculorum deformans (43) . It is interesting that DISC1-TR flies exhibited normal learning ability in spite of the down-regulated expression of Dys and Shot. This could be explained by the disturbance of the expression level of Dys and Shot in the DISC1-TR flies was not as strong as that in the mutants of these genes. Thus, every parameter that was disturbed in DISC1-TR flies (EJC amplitude, PPF, Is number, satellite bouton, and reversal learning) could be well phenocopied by attenuating the expression of one or more DISC1-TR regulated genes. As summarized in Figure 7A , the phenotypes of increased EJC and decreased PPF were mimicked in Dys mutant, the phenotypes of normal learning and impaired reversal learning were mimicked in Trio mutant, and the phenotype of increased satellite bouton number was phenocopied in all three mutants.
Rescue of DISC1-TR phenotypes via overexpression of its regulated effectors
To further determine whether Dys, Trio, and Shot are bona fide functional effectors regulated by DISC1-TR, we tested whether restoring the expression of these genes rescues corresponding DISC1-TR phenotypes. Indeed, the expression of Dys (elav/þ;
DISC1-TR/UAS-Dys DP186
) overrode the increased EJC amplitude and decreased PPF phenotypes in DISC1-TR expressing flies, whereas the expression of Trio had no effects as expected ( Fig.  5A and B) . Additionally, the expression of a long-form C of Shot (elav/þ;DISC1-TR/UAS-Shot.L(C)
29042
) rescued the EJC phenotype but not the PPF phenotype, while the expression of the longform A of Shot (elav/þ;DISC1-TR/UAS-Shot.L(C)
29044
) did not have any rescue effect on either phenotypes (Fig. 5A and B) . For nerve terminal organization, we focused on the number of Is and satellite boutons. The expression of Trio (elav/þ;DISC1-TR/þ;UASTrio 9513 /þ) rescued the DISC1-TR-induced decreased number of Is boutons (Fig. 5C ), while the expression of the long-form C of Shot (elav/þ;DISC1-TR/UAS-Shot.L(C) 29042 ) rescued the increased number of satellite bouton in DISC1-TR expressing flies (Fig.  5D ). The expression of Dys failed to do so even though satellite bouton number is also increased in the Dys mutant. Even though the learning and reversal learning phenotypes were replicated in trio mutants, expression of Trio in the DISC1-TR expressing neurons severely impaired learning (Fig. 5E ), making it impossible to test whether the reversal learning could be rescued. Similarly, the expression of other transgenes also disrupted learning (Fig. 5E ), suggesting learning, or cognitive function, is more susceptible to the expression levels of these genes.
Thus, the DISC1-TR-induced cellular and behavioral phenotypes could be largely mimicked through attenuating expression of identified genes (Fig. 7A) . Meanwhile, a majority of observed phenotypes could also be rescued through restoring the expression of these genes (Fig. 7B) . Taken together, the DISC1-TR regulated effectors work as a synergistic functional network mediating different aspects of the neural effects associated with DISC1-TR in Drosophila.
Dysregulation of DISC1-TR regulated genes in prefrontal neurons carrying DISC1 mutation
It is evident from the above data that DISC1-TR is capable of attenuating expression of multiple molecules, which contribute to its cellular and behavioral phenotypes in Drosophila. To further support our findings in Drosophila and to evaluate the relevance of such findings to mental disorders associated with DISC1 mutants, we performed the following two experiments in cultured human cells.
First, we assayed how DISC1-TR and DISC1-FL affect the expression of the human homologs of the identified effectors in the U87 human glioblastoma cell line. Lenti-virus (PLVX-GFP, PLVX-DISC1-TR-GFP, and PLVX-DISC1-FL-OA-GFP) was generated to overexpress two forms of DISC1 in the cell line. Through q-PCR analysis, we tested the RNA level of the effectors of DISC1-TR in 90% GFP positive U87 cells. The genes tested include DMD/ UTRN (human homologs of Dys), MACF1/DST (human homologs (elav-Gal4/þ; DISC1-FL/þ) led to increased EJC amplitude and reduced PPF ratio. The extracellular calcium concentration for recording was 0.4 mM. (ANOVA, n ¼ 10; in DISC1-TR expressing group, P < 0.0001 for EJC, P ¼ 0.0065 for PPF; in DISC1-FL expressing group, P ¼ 0.5072 for EJC, P ¼ 0.7231 for PPF). Calcium-dependent curve of EJC. Pan-neuronal expression of DISC1-TR (elav-Gal4/þ; DISC1-TR/þ) led to augemented EJC amplitude at 0. ). The morphology of NMJ boutons in the control animals (elav-Gal4/þ, left panel) and DISC1-TR larvae (elav-Gal4/þ; DISC1-TR/þ, right panel). Drosophila NMJs were co-immunostained with antibodies against horseradish peroxidase (HRP) (green; labeling presynaptic motor neuron membrane) and discs large (DLG) (red; labeling postsynaptic musicular membrane). Satellite boutons are indicated by white arrowheads, the type I big (I b ) boutons, the type I small (I s ) boutons, and satellite boutons are indicated by blue arrow, yellow arrow, and white arrowhead respectively. Boutons from muscle 4 of the 3rd or 4th segments of larvea were statistically analyzed. The distribution of bouton size in control (elavGal4/þ) and DISC1-TR expressing larvae (elav-Gal4/þ; DISC1-TR/þ). Epression of DISC1-TR led to a reduced number of small boutons (left to the double slash), and an augmented number of large boutons (right to the double slash). The number of Is boutons was decreased by the expression of DISC1-TR (elav-Gal4/þ; DISC1-TR/þ).
(t-test, n ¼ 14, P ¼ 0.0128). The number of I b buotons of DISC1-TR expressing larvae (elav-Gal4/þ; DISC1-TR/þ) was the same as that of the control group (elav-Gal4/þ).
(t-test, n ¼ 18, P ¼ 0.1803). The number of satellite boutons was dramatically increased in larvae expressing DISC1-TR (elav/þ; DISC1-TR/þ) (t-test, n ¼ 18, P ¼ 0.0002).
White arrowheads in the left panel of 2C indicate satellite boutons. Scale bars are 5 lm. All data are represented as mean 6 SEM.
of Shot), and KALRN/TRIO (human homologs of Trio). Compared to the control group (PLVX-GFP), the transcriptional levels of DMD, DST and KALRN, were downregulated in U87 cells expressing DISC1-TR (PLVX-DISC1-TR-GFP) but not DISC1-FL (PLVX-DISC1-FL-OA-GFP) (Fig. 6A) . The profile is consistent with the results observed in Drosophila. Second, we tested how a mutation in DISC1 affects the expression of the identified effectors in the neurons differentiated from iPSC lines from a family with psychiatric disorders. A rare 4-bp frameshift deletion mutation in the C-terminus of DISC1, resulting a 1-809 C-terminal truncated DISC1, was detected in an American family (pedigree H) with schizophrenia and schizoaffective disorder (9) . We utilized iPSC lines from members of this family, including two affected members and two control individuals (25) . The affected members are patients D2 (schizophrenia) and D3 (major depression) with the frameshift deletion DISC1 mutation from pedigree H. The control individuals include an inside family control C3 (an unaffected family member without the mutation) and an outside family control C1 (an unrelated healthy individual). We performed q-PCR analysis on the human homologs of the DISC1-TR regulated genes in 4-week-old forebrain neurons that were differentiated from pedigree H iPSCs with about 90% glutamatergic neurons and a few GABAergic and dopaminergic neurons. To reveal the different gene expression in healthy population and patients, we compared D2 and D3 to C1 and C3. Only the genes whose expression was changed in both D2 and D3, but remained the same in both C1 and C3 were considered affected by the DISC1 mutation. Among the six human homolog genes (DMD/UTRN of fly Dys, MACF1/DST of fly Shot, KALRN/TRIO of fly Trio), the mRNA levels of DMD, MACF1 and KALRN were downregulated in the neurons carrying the DISC1 mutation (D2 and D3), but remained unchanged in the neurons from the control group (C1 and C3, Fig. 6B ). There was no difference on the mRNA levels of UTRN and TRIO in the neurons from the control group and the patients (Fig. 6B ). However, the mRNA level of DST was significantly higher in the neurons from the outside family control (C1) and the patients (D2 and D3) (Fig. 6B) , which suggest the expression level of DST may be variable and sensitive to the genetic background in the healthy population. Notably, DMD was also identified as one of the top candidates that were essentially down-regulated by the 4-bp frameshift deletion in the previous RNAseq analysis (25) . Furthermore, to exclude potential effects of other genetic components, we tested the RNA level of these three genes in neurons differentiated from two engineered isogenic iPS cell lines. One is the mutant DISC1 iPSC line that has ) showed the same reversal learning ability as the DISC1-TR expressing flies, which was lower than that of the control (elav/þ) (ANOVA, n ¼ 6). All data are represented as mean 6 SEM.
the 4-bp frameshift deletion corrected (D3R), and the other is the control iPSC line that is introduced with the 4-bp frameshift deletion (C3M) (25) . As expected, the expression levels of DMD/ MACF1/KALRN were reduced in C3M neurons to a level comparable to that in DISC1 mutant neurons (D2 and D3) (Fig. 6C) . Moreover, in D3R neurons, the decreased RNA levels of these genes were rescued to a level comparable to the control neurons (C3), if not even higher (Fig. 6C) . Consistent with the observation in patients' neurons, the mRNA levels of UTRN and TRIO remained the same when the 4-bp frameshift deletion was either introduced in C3M or corrected in D3R (Fig. 6C ). Interestingly, the mRNA level of DST was essentially increased in C3M (Fig.  6C ), similar to, but not as much as, the increment in C1, D2 and D3 (Fig. 6B ). What's more, the increase of DST in D3 was rescued in D3R (Fig. 6C) . However, as stated above, the expression level of DST was variable even in the healthy controls (C1 and C3 in Fig. 6B ), so the change of DST should be interpreted cautiously. These results suggest that the disease-related DISC1 mutation is necessary and sufficient for the dysregulated expression of the DISC1-TR regulated genes. Taken together, data presented above showed that both the expression of DISC1-TR in human glioblastoma cell line and the mutation in C-terminal of DISC1 in neurons derived from patient iPSC led to the decreased transcription of the human homologs of Dys, Trio, and Shot, which support the conservation of the DISC1-TR regulated genes we identified in Drosophila (Fig. 7C ).
DISC1-TR regulated effectors ranked as top disease-risk factors
Last, we evaluated the rankings of disease risk of the DISC1-TR regulated genes in human genetic studies. Extensively mining the online resources and literature, we collected three independent gene sets from human genetic studies. These genes are (a) DISC1-Interacting (154 genes): genes involved in DISC1 related pathways or selected as the candidate genes for schizophrenia (21) , (b) HuGE-SZ (1499 genes): candidate genes associated with schizophrenia from HuGE Navigator (https://www.cdc.gov/geno mics/hugenet/hugenavigator.htm; date last accessed April 30, 2017), and (c) Polygenic-SZ (1796 genes): genes associated with schizophrenia based on human variant data from whole exome sequencing (44) . As shown in Table 1 , most of the human homologs of candidate DISC1-TR regulated effectors tested in our screening in flies are present in the three gene sets. We adopted a gene-based scoring tool, Residual Variation Intolerance Score (RVIS) (26) , to quantitatively measure the intolerance of genes to functional mutations. The intolerance score is designed to rank genes in terms of whether they have more or less common functional genetic variation relative to the genome-wide expectation given the amount of apparently neutral variation the gene has (26) . Genes with less common functional variation have low RVIS scores; functional mutants of these genes are more likely to be involved in the development of diseases.
We downloaded the RVIS scores (EA_0.1%) from the server (http://genic-intolerance.org/; date last accessed April 30, 2017) and ranked all candidate effectors based on their RVIS percentile ( Table 1 ). The TRIO (Trio human homolog) has the lowest RVIS score of -3.68 and percentile of 0.17%, and MACF1 (Shot human homolog) has the second lowest RVIS score of -3.29 and percentile of 0.31% among all candidates. We also ranked DISC1 interacting partners and psychiatric disorders candidate genes based on their RVIS percentiles, and the TRIO and MACF1 are among 2% of the most intolerant genes in each gene sets. KALRN and DST, the other human homologs of trio and shot, are also in the top intolerant genes group. In addition, DMD (human homolog of Dys) has a considerable intolerance to mutation with an RVIS score of -1.39 and a percentile of 4.24%, also in the foremost intolerance group.
Among all the DISC1 interacting partners and the schizophrenia-related factors, the DISC1-TR regulated genes we (knock-in the 4-bp mutation of the control line C3) and D3R (correction of the same mutation line D3) isogenic iPS cell lines. (ANOVA, *P < 0.05; **P < 0.01; ***P < 0.001; n.s., P > 0.05. n ¼ 6-7 for DMD, MACF1, and KALRN; n ¼ 4-5 for UTRN, DST, and TRIO. Values were normalized to those of C3 neurons.). All data are represented as mean 6 SEM.
identified are in the top ranks of factors potentially associated with human illnesses.
Discussion
The current study tests the hypothesis that perturbation of DISC1 protein may be involved in the pathology of mental disorders through attenuating the expression of multiple diseaserisk factors, each of which has smaller effects on particular subsets of phenotypes (Fig. 7D) . Results obtained from a range of experiments in flies and in human cell lines reported above are consistent with the proposed hypothesis. The three major discoveries in this study are outlined below. First, the expression of DISC1-TR yields a range of pathology-related cellular and behavioral endophenotypes that differ significantly from the phenotypes of DISC1-FL expression. With the neuronal expression of DISC1-TR, flies had reduced reversal-learning performance, augmented glutamatergic transmission, decreased short-term synaptic plasticity, and abnormal morphological development of larval NMJ (Figs 1 and 2 ). Additional relevant endophenotypes have been reported in mouse studies. Three transgenic mouse models were generated by expressing human or mouse C-terminal truncated DISC1, either constitutively (24) , or an inducible manner under the controls of the CAMKII promoter (19) or the endogenous mouse DISC1 promoter (45) . These mouse models exhibited overlapping abnormal phenotypes in sensorimotor gating (pre-pulse inhibition), working memory and latent inhibition, partially emulating certain symptoms of psychiatric disorders (10, 46) . Thus, the effects of DISC1-TR and its interacting network are conserved evolutionarily from Drosophila, which has no DISC1 homologous gene reported, to mammals.
Although the expression of DISC1-FL did not show detectable phenotypes in the physiological and behavioral assays tested above (Figs 1 and 2 and Supplementary Material, S4), we found that both DISC1-FL and DISC1-TR expression reduced lifespan in two environmental stress tests ( Supplementary  Material, Fig. S6 ). Notably, DISC1-FL expression caused aberrant sleep which was not perturbed by neuronal DISC1-TR expression in Drosophila (47) . The involvement of DISC1-FL in sleep was further confirmed recently in mouse model (48) . Interestingly, the subcellular distribution of DISC1 protein was significantly changed when the truncated DISC1 was expressed in cultured cells (23, 49) . More investigations are required to determine whether the very different intracellular distribution of DISC1-TR and DISC1-FL may be involved in producing the neural effects (Supplementary Material, Fig. S7 ).
It is noteworthy that despite above discussion on the gainof-function of truncated DISC1, the evidence supporting the DISC1 loss-of-function hypothesis still stands. DISC1 protein level was found to be decreased in the lymphocytes and the brain tissue of schizophrenia patients (50, 51) . Furthermore, animal models, including the spontaneous occurring point mutation or deletion in the endogenous mouse DISC1 and the knockdown of mouse endogenous DISC1 with RNAi (these models are extensively reviewed in 10, 46) , revealed that the loss-offunction of endogenous DISC1 led to abnormalities in the neurogenesis, neurodevelopment, and behaviors (13, 14, 52) . Therefore, above evidence indicates that both truncated form of DISC1 and the loss of functional endogenous DISC1 protein contribute to the disease mechanism.
Second, a functional network of molecules underlying the neural effects of DISC1-TR, including Dys, Trio, and Shot was identified. We found that mutants of these DISC1-TR regulated genes showed different phenotypes in behavior, neurotransmission, and neurodevelopment, which mimicked the abnormal phenotypes of DISC1-TR flies (Figs 4 and 7A) . Further, co-expression of these genes with DISC1-TR rescued different aspects of the cellular phenotypes of DISC1-TR flies (Figs 5 and 7B) . Consequently, instead of a single signaling pathway, the DISC1-TR regulated effectors are more likely to act as a synergistic network in translating DISC1-TRdependent neural effects. In this network, each gene plays distinct roles in different aspects of the DISC1-TR neural effects (Fig. 7D) . Presumably, there are more genes involved in this network to be discovered. Such DISC1-TR regulated genes are again conserved across species, since the expression of the homologs of these genes are also perturbed in U87 human glioblastoma cell lines overexpressing truncated DISC1 (Figs.  6A and 7C) .
Third, the expression of human homologs of the DISC1-TR regulated genes, DMD, MACF1, and KALRN, is also downregulated in neurons from subjects carrying another DISC1 mutation (Figs 6B and C, 7C). Furthermore, the downregulated genes are characterized as top-ranked human disease-risk factors in bioinformatics analysis (Table 1 ). All these data support the hypothesis that the interaction between DISC1 and its effectors we found in Drosophila applies to human conditions.
Based on above discussion, we further address the implications and insight we gain from our findings in the following sections.
DISC1 interacting network converges at cytoskeleton organization
DISC1 has been considered as a scaffold protein and possesses a highly intertwined molecular network including many risk factors possibly for psychiatric disorders (21) . We point out that although these molecules interact with both forms of DISC1, the expression of all three regulated genes is attenuated significantly with the expression of a mutant DISC1-TR. The function analysis of these molecules from previous studies helps us to uncover the fundamental basis of the multiple disease-risk pathways perturbed by DISC1-TR. DMD/UTRN, as membrane cytoskeletal associated glycoproteins, connect the cytoskeleton to the cell membrane through binding with actin (39, 53) and play a central role in the molecular pathogenesis of several muscular dystrophies (54) . TRIO/KALRN are both Guanine-nucleotide Exchange Factors of GTPases Rac1/RhoG and RhoA (RhoGEF), essential members in signaling pathways critical in the regulation of dynamics of cytoskeleton organization (55, 56) . What's more, KALRN is a genetic risk factor for Alzheimer's disease, attention deficit hyperactivity disorder, and schizophrenia (57, 58) . The human homologs of Shot include cytoskeleton linker proteins DST and MACF1 (59), both associated with multiple disorders (43) . Variations of MACF1 were reported in schizophrenia patients (60) . Taken together, their functions converge at the regulation of cytoskeleton organization and their mutations are critically involved in human diseases.
More important, when we applied DAVID (http://david.abcc. ncifcrf.gov/; date last accessed April 30, 2017) (61) for Gene Ontology (GO) enrichment analysis of the DISC1/psychiatric disorders related genes, We identified cytoskeleton-related GO terms, such as "cytoskeleton", "actin cytoskeleton", "microtubule cytoskeleton" and "cytoskeletal protein binding", overrepresented in the DISC1-TR regulated effectors, as well as in DISC1-Interacting and Polygenic-SZ gene sets (Supplementary Material, Table S3 ). For example, 12 DISC1-TR downstream effectors (55%), 41 DISC1-Interacting partners (34%) and 303 schizophrenia candidate genes (17%) are enriched for "cytoskeleton". More interestingly, 6 DISC1-TR downstream effectors (27%) and 90 schizophrenia candidate genes (17%) are enriched for "actin cytoskeleton", and KALRN (Trio), MACF1/DST (Shot), UTRN (Dys) are involved in the GO category. All these results suggest that psychiatric disorders risk pathways, especially the DISC1 interacting network, converge at cytoskeleton organization. were even severer than that of the DISC1-TR OE group. (C) The transcriptional level of DISC1-TR regulated genes in different research systems. In fly study, DISC1-TR OE is to express UAS-DISC1-TR transgene with elav-Gal4 driver in Drosophila larvae (elav/þ; DISC1-TR/þ). In human glioblastoma cell line study, DISC1-TR OE is to express DISC1-TR construct (PLVX-DISC1-TR-GFP) in the U87 cell line. In patient iPSC study, D2/D3 is the iPSC-differentiated neurons from patients; C3M is the iPSC-differentiated neurons with 4-bp frameshift deletion introduced to the original inside family control C3; D3R is iPSC-differentiated neurons with the 4-bp frameshift deleted mutation corrected in the original patient D3. (D) Cartoon of the working hypothesis on the function of DISC1-TR and its related genes.
Implications for disease
A key challenge and opportunity for Drosophila disease modeling, or any other animal modeling studies, is to extend the findings to human patients. In the current research, we validate our findings from Drosophila research in human cell line study and bioinformatics analysis with human genetic data. The dysregulation of the human homologs of the DISC1-TR regulated molecules, (DMD/MACF1/KALRN) in human glioblastoma cells expressing DISC1-TR as well as in human forebrain neurons derived from human iPSCs carrying another mutant DISC1, suggest that the study of DISC1 in Drosophila could be relevant to the molecular and cellular effects in human conditions (Fig. 7C) . The top ranking of the DISC1-TR regulated molecules in RVIS analysis further confirmed the mutations of these genes are likely to be involved in the development of diseases. Taken together, the Drosophila model, with powerful genetic accessibility and robust disease-related phenotypes from cellular to behavioral level, provides a feasible strategy to generally evaluate the function-related significance of risk factors for diseases.
Materials and Methods
Fly stocks and detailed procedures for the immunostaining, confocal microscopy, electrophysiology, behavior, longevity assay, differentiation of iPSCs, RT-PCR, q-PCR, and bioinformatics analysis are described in Supplemental Text.
Statistical Analysis
Unless stated otherwise, the data are shown as means 6 SEM and analyzed by Student's t-test or one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test using GraphPad Prism 7.0 (GraphPad Software, CA) statistical software. *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s., no significance (P > 0.05 
